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PATHWAYS Modeling Approach

ê Economy-wide infrastructure-based GHG and energy analysis

Å Captures ñinfrastructure inertiaò reflecting lifetimes and vintages of key equipment: 

building appliances and on-road vehicles

Å Models physical energy flows within all sectors of the economy

Å Allows for rapid comparison between user-defined scenarios

Å Tracks electrification load shapes by sector and end use

Technology Energy 
Demand

Energy Demand 
by Subsector

Stock 
Rollover

PATHWAYS
Economy-wide decarbonization scenarios

GHG Emissions by 
Sector and Scenario

ê Scenarios test ñwhat ifò 

questions

Å Reference or counterfactual 

scenario for consistent comparison 

in future years

Å Multiple mitigation scenarios can 

be compared that each meet the 

same GHG emissions goal

ï Single economywide ñbudgetò for 

fossil emissions and biomass
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PATHWAYS: A User -defined Scenario Tool

Speculations

Explorations

Scenarios

Projections

Predictions

Facts

ê PATHWAYS does not make  

forecasts.

Å PATHWAYS makes back-

casts

Å Allows hypothesis testing 

predicated on meeting 

emissions targets

Å Reference scenarios aligned 

with other data sources (e.g. 

IEPR) & expert judgment of 

current trends

PATHWAYS scenarios evaluate uncertain and complex futures
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PATHWAYS Energy Demand Representation 

ê Demand sectors generally follow IEPR load categories

ê Comprehensively benchmarked to IEPR in 2016 for CARB 2017 Scoping 

Plan Update

Å Updated 2019 benchmarking to check for discrepancies for CARB draft updated 

Reference

Sector Representation Notes

Residential Buildings Stock-rollover by subsector
11 subsectors + misc. end uses + 

housing stock

Commercial Buildings Stock-rollover by subsector
7 subsectors + misc. end uses + 

square footage

Transportation Stock-rollover by subsector
4 on-road subsectors; Off-road is by 

fuel use

Industry Fuel use
Some representation of subsectors & 

end use

Petroleum Refining Fuel use

Oil & Gas Extraction Fuel use

Transportation, Communication, & 

Utilities (TCU)
Fuel use

Includes water-pumping loads, 

streetlighting, etc.

Agriculture Fuel use
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PATHWAYS Electricity Demand & Energy 

Efficiency

ê Bottom up electricity demand projection based on end use appliance 

stocks, macroeconomic drivers (number of households, etc.)

ê Efficient appliance shares assumed based on historical data, future 

mitigation measure (or for calibration to efficiency metric)

ê Efficiency can only be estimated by comparing load projection to a 

counterfactual scenario without efficiency and taking the difference

Å Accounting for electrifying end uses is tricky

Electricity demand in High Electrification Scenario 
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PATHWAYS Provides Info to RESOLVE for Integrated 

Electricity Scenarios

ê PATHWAYS provides to RESOLVE

Å Annual loads by category (GWh/yr)

Å Some load shape information for key new loads and load modifiers (normalized 8760 profiles)

Å Electricity sector GHG trajectory consistent with economy-wide goals (MMT CO2/yr)

ê These loads may be incorporated directly or as load modifiers to an existing load 

forecast (e.g. CEC IEPR)

Example: CAISO loads used for CAISO in CPUC 2019 Reference System Plan 2045 Framing Analysis 
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Mitigation Scenario Loads Selected from E3 

2018 Study for CEC

Mitigation Scenarios Scenario description 

High Electrification 
Electrification of buildings and transportation, high energy 

efficiency, renewables, limited biomethane

No Hydrogen
No fuel cell vehicles or hydrogen fuel, includes industrial 

electrification 

Reference Smart Growth
Less reductions in vehicle miles traveled, additional GHG 

mitigation measures in other sectors 

Reduced Methane Mitigation
Higher fugitive methane leakage, additional GHG mitigation 

measures in other sectors 

Reference Industry EE
Less industrial efficiency, additional GHG mitigation measures in 

other sectors  

In-State Biomass
Less biofuels with no out-of-state biomass used, additional GHG 

mitigation measures in other sectors  

Reference Building EE
Less building efficiency, additional GHG mitigation measures in 

other sectors 

No Building Electrification with Power-to-Gas
No heat pumps or building electrification, additional GHG 

mitigation measures in other sectors  

High Biofuels
Higher biofuels, including purpose grown crops, fewer GHG 

mitigation measures in other sectors

High Hydrogen More fuel cell trucks, fewer all-electric vehicles



13

Sector
2050 High 

Electrification
2050 High Biofuels

2050 High 

Hydrogen

Buildings

HVAC & Water 
Heating

100% electric sales by 2040

Cooking, Clothes 
Drying, & Other

90% electric sales by 2040

Transportation 

Light-duty 
vehicles

100% ZEV sales by 2035 
(96% of stock by 2050)

81% ZEV sales by 2035 
(69% of stock by 2050)

100% ZEV sales by 2035 
(96% of stock by 2050)

Trucks 27% of trucks are BEVs 27% of trucks are BEVs
65% of trucks are ZEVs, 
including high hydrogen

Off-road High electrification of rail, ports, & off-road diesel

Industry Minimal industry electrification

Electrification Assumptions in Selected 

PATHWAYS Mitigation Scenarios
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RESOLVE: Optimal Capacity Expansion 

Under Aggressive Clean Energy Goals

ê RESOLVE is a linear 

optimization model 

explicitly tailored to 

study of electricity 

systems with high 

renewable & clean 

energy policy goals

ê Optimization balances 

fixed costs of new 

investments with 

variable costs of 

system operations, 

identifying a least-cost 

portfolio of resources 

to meet needs across 

a long time-horizon

Least-cost plan cooptimizes investments and operations to meet 

clean energy policy targets, selecting from a diverse set of potential 

resources including wind, solar, storage, DSM, and natural gas

Operational module

simulates hourly system 

operations for a sample of 

representative days

Reliability module ensures 

portfolio can meet load during 

extreme conditions using an 

ELCC approach

Significant 

investments in 

renewables and 

storage needed to 

meet Californiaôs 

80% carbon 

reduction goal

Example RESOLVE result from Long-Run Resource Adequacy under Deep Decarbonization Pathways for California

(Calpine, 2019)

https://www.ethree.com/wp-content/uploads/2019/06/E3_Long_Run_Resource_Adequacy_CA_Deep-Decarbonization_Final.pdf
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RESOLVE is a Zonal Model

ê ñMainò zones:

Å Optimal investment decisions

Å Detailed treatment of operating 

reserves

ê Other zones:

Å Exogenous resource assumptions 

and loads by scenario

ê Flows may be impacted by:

Å Min and max intertie flow 

constraints

Å Min and max simultaneous flow 

constraints for groups of interties

Å Ramping constraints on interties

Å Hurdle rates

ê Regional Topology

RESOLVE

Investment 

Decisions

System 

Operations

NOTE: Numerical values 
indicate assumed flow 

limit in direction of arrow





18

RESOLVE Provides a Framework for 

Valuation of Flexible Resources

ê Sizing the electric system to 

deliver every MWh of renewable 

generation is cost-prohibitive

ê Reduction of renewable 

curtailment and overbuild 

provide value to ratepayers

ê Flexible resources are selected 

when their benefitsðprimarily 

reduced renewable overbuildð

are greater than their costs

ê Scenarios to evaluate benefits 

of increased regional 

integration

Optimal investment point: 

Marginal avoided cost of 
renewable overbuild

=
Marginal cost of solution
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RESOLVE Co -optimizes 

Investment and Operational Decisions

ê RESOLVE allows portfolio optimization 

across a long time-horizon (20-30 years)

Å Investments made in multiple periods

ê Operational detail directly informs 

investment decisions to economically 

address primary drivers of renewable 

integration challenges

ê Fixed costs capture capital, financing, and 

fixed O&M associated with new 

infrastructure and economically retiring 

resources

ê Optimization is constrained by many 

factors, including:

Å Hourly load

Å RPS target

Å Planning reserve margin

Å GHG limit

RESOLVE 

Objective Function

Fixed Costs of New Resources
+ Generation (thermal, hydro, renewables)

+ Energy storage

+ Shed demand response

+ Energy efficiency

Fixed Costs of New Transmission

System Operating Costs
+ Fixed & variable O&M

+ Start costs

+ Fuel costs

+ Carbon

+ Hurdles
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Flexible Model Design Facilitates Scenario 

Analysis

ê RESOLVE is designed to allow 

easy scenario analysis of a 

variety of uncertainties

ê Assumptions on key 

uncertainties can be easily 

adjusted in scenarios to allow 

analysis of future risks:

Å Future resource costs

Å Future building and transportation 

electrification

Å Future availability of zero-carbon 

drop-in fuels

Å Future technology development of 

alternative zero-carbon resources
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Generation Capacity Expansion

ê RESOLVE takes a fixed trajectory for 
the installed capacity of existing and 
planned resources

Å Costs for planned capacity are not 
accounted for directly in the model, 
since they do not affect the optimization

ê The capacity of new build resources 
are variables that the model can 
optimize, expanding existing units or 
building completely new units

Å Resource build decisions are linear, 
which may result in partial unit builds

Å New build resources can be capacity 
limited by year (e.g., if resource 
potentials change by year)

ê Existing thermal resources can be 
economically retired if ongoing fixed 
cost is not supported by value of 
system services

ê Resources can be capacity limited 

in each model year

Å Capacity limits represent any constraint 

(site-specific or otherwise) that prevent 

incremental build

ê Capacity costs are denominated in 

$/kW-year, consisting of:

Å Capital costs

Å Ongoing fixed costs

Å Tax and debt service costs

Å Investment Tax Credit (as applicable)

ê Storage costs are broken into 

additive power ($/kW-year) and 

energy ($/kWh-year) components

Å Allows RESOLVE to optimize duration of 

energy storage by selecting power and 

energy independently

RESOLVE

Investment 

Decisions

System 

Operations
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RPS and GHG Targets

ê Both RPS and GHG targets are implemented in RESOLVE

Å RPS requirement is based on retail sales

ê Resources can be designated as RPS-eligible, and RESOLVE will pick 

new build resources to meet the RPS target

ê Alternatively, fuel-based resources can ñblendò biomethane to meet RPS 

and/or GHG targets

ê RESOLVE can select renewable resources in excess of RPS target if 

those resources are economic

RESOLVE

Investment 

Decisions

System 

Operations
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RESOLVE Resource Representations

ê In this section, we focus on the representation of major resource classes in RESOLVE

Å Resources that do not fall into one of these categories can likely be creatively modeled using 

existing functionality

ê Certain features or capabilities are only available for certain classes of resource

ṍ Not applicable

Partial functionality

ṉ Full representation

Category Sub-Category
PRM Capacity 

Value

Dispatchable 

Power

Charging 

Capability

Provides 

Reserves

Energy 

Budget

Ramping 

Constraints
Emissions

Economic 

Retirement

Share Energy 

Between Days

Thermal

ñBaseloadò ṉ ṉ ṍ ṉ ṍ ṉ ṉ ṍ

Dispatchable ṉ ṉ ṍ ṉ ṉ ṉ ṉ ṉ ṍ

Renewables ṍ ṍ ṍ ṍ ṍ ṍ

Battery Storage ṉ ṉ ṉ ṉ ṍ ṉ ṍ ṍ ṉ

Hydro

Dispatchable ṉ ṉ ṍ ṉ ṉ ṉ ṍ ṍ ṉ

Pumped Hydro ṉ ṉ ṉ ṉ ṉ ṉ ṍ ṍ ṉ
Demand 

Response
Shed ṉ ṉ ṍ ṍ ṉ ṍ ṍ ṍ ṍ
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Hourly Model Brings Operational 

Challenges into Investment Decisions

ê For each year in the simulation, a 

subset of days are selected and 

weighted to reflect long-run 

distributions of:

Å Daily load, wind, and solar

Å Monthly hydro availability

ê Operations modeled using linear 

dispatch formulation

Å Upward and downward operating 

reserve constraints

Å Parameterization of subhourly

renewable curtailment due to downward 

reserve shortfalls

Captures operational impacts of 

renewable integration challenges

Renewables

Gross Load

Net Load

RESOLVE

Investment 

Decisions

System 

Operations

















https://www.ethree.com/projects/deep-decarbonization-california-cec/


https://www.cpuc.ca.gov/uploadedFiles/CPUCWebsite/Content/UtilitiesIndustries/Energy/EnergyPrograms/ElectPowerProcurementGeneration/irp/2018/Inputs%20%20Assumptions%202019-2020%20CPUC%20IRP_20191106.pdf
















































https://www.wecc.org/Reliability/SunZia 2019 APR.pdf
https://rtoinsider.com/caiso-sunzia-pattern-new-mexico-wind-farm-101338/

